ABSTRACT: Nanoreactors were created by entrapping homogeneous catalysts in hollow nanocapsules with 200 nm diameter and semi-permeable nanometer-thin shells. The capsules were produced by the polymerization of hydrophobic monomers in the hydrophobic interior of the bilayers of self-assembled surfactant vesicles. Controlled nanopores in the shells of
3 catalyst to a surface and conducting catalytic reactions in biphasic systems. [13] [14] Current immobilization methods have intrinsic limitations, including performing a reaction on the interface, stringent requirements for the high stability of catalysts, need for the elaborate synthetic design of ligands for covalent attachment to the surface, and difficulties with asymmetric reactions due to steric hindrance at the surface. Multiple attempts to overcoming these limitations, such as placement of the catalysts in the fibers, metal−organic frameworks, magnetic nanoparticles, or dendrimers highlight the difficulties of practical use of homogeneous catalysts and the need for innovative methods to the immobilization of homogeneous catalysts. [15] [16] [17] [18] [19] [20] [21] Recent progress in facilitating practical applications of existing homogeneous catalysts has been driven by the development of new materials for the immobilization of catalysts.
Encapsulation of catalysts is an attractive option highlighted by recent emergence of yolk-shell nanoparticle-based nanoreactors. [22] [23] [24] [25] Most shells containing entrapped metal nanoparticles were based on ceramic or similar materials due to typical fabrication methods, such as etching the shell in core-shell structures. A handful of studies reported the entrapment of metal nanoparticle catalysts in hollow carbon and polymer shells. [26] [27] [28] Although these materials are suitable for the encapsulation of metal nanoparticles with typical dimensions between 10 and 100 nm, they are not likely to be viable for the encapsulation of the vast majority of homogeneous catalysts with a typical size range between 1 and 2 nm. In fact, reports on achieving size-selective transformation due to selective permeability through the shells highlighted the challenge of controlling the pore size and often resulted in hindered diffusion through the shells. [29] [30] Until recently, the creation of nanoreactors containing common homogeneous catalysts has not been feasible due to the lack of suitable materials for the fabrication of shells with appropriate permeability characteristics.
Previous attempts of immobilizing enzymes in polymer microcapsules emphasized this 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   4 difficulty. Leaching of enzymes and/or hindered flow of substrates and products as evidenced by the increased Michaelis-Menten constant have been reported as typical confounding problems. [31] [32] [33] [34] [35] Reports on permeability control in polymer capsules produced by layer-by-layer assembly showed successful long-term retention of molecules with molecular weight exceeding 5000. [35] [36] [37] The vast majority of widely used homogeneous catalysts are much smaller with typical molecular weight in the 300-1100 range. [38] [39] In polymersomes, another example of polymer capsules, the permeability was successfully controlled by the insertion of bacterial porins, enabling the assembly of enzyme-based nanoreactors but limiting the processes to aqueous solutions. [40] [41] [42] Other attempts to create semi-permeable capsules showed difficulties with longterm retention of medium-sized molecules. For example, organic-inorganic hybrid vesicles created with a siloxane layer showed release of polyethylene glycol molecules with the molecular weight up to 1500. 43 An ideal shell material for nanoreactors should have pores that are small enough to retain most common homogeneous catalysts but large enough to allow rapid flow of reactants and products in and out of the capsule. For the vast majority of synthetically useful organic reactions, the difference in size between typical catalysts and substrates or products is only a fraction of a nanometer. Perfect pores should have controlled sizes and narrow size distribution. To enable rapid flow, shells should have high pore density and small thickness. The chemistry of shells should permit facile entrapment of catalysts, and the resulting capsule/catalyst constructs should be compatible with a broad range of solvents. In this work, we investigate vesicle-templated polymer nanocapsules as a platform that satisfies these requirements. We have recently developed a vesicle-templated approach to the synthesis of polymer nanocapsules having singlenanometer thick shells with programmed-size pores that showed size-selective permeability in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 5 the desired range for the entrapment of homogeneous catalysts. [44] [45] [46] [47] [48] To form nanocapsules, hydrophobic monomers and crosslinkers are loaded into the hydrophobic interior of bilayers of catanionic surfactant vesicles or liposomes. Uniform nanopores are imprinted by using poreforming templates that are co-dissolved with the monomers in the bilayer and removed after the formation of nanocapsules. [45] [46] Varying the size, composition, and number of pore-forming templates controls the size, chemical environment, and density of nanopores in the shells. [44] [45] 49 Crosslinked porous polymer shells are stable in different organic solvents. These capsules are capable of long-term retention of molecules larger than the pore size and permit ultra-fast transport of molecules smaller than pores. 44 
Results and Discussion
Our primary goals were to create nanoreactors by entrapping homogeneous catalysts in hollow polymer capsules with porous nanometer-thin shells ( Figure 1) 60 We chose these model reactions in order to investigate the effect of encapsulation of structurally diverse catalysts of representative sizes that promote different well-known and synthetically useful reactions in a broad spectrum of conditions, e.g., solvents ranging from nonpolar (toluene) to highly polar (water) and temperatures ranging from ambient to 140 °C.
Polymer nanocapsules containing entrapped catalysts were prepared by the directed assembly method using controlled polymerization of hydrophobic monomers in the interior of bilayers of self-assembled vesicles. 47 When mixed with hydrophobic acrylate monomers, butyl [46] [47] 62 The average size of nanocapsules isolated after the polymerization of monomers and measured by SEM and TEM was identical to the average size of vesicles observed by DLS ( Figure 2B ; Figure 1SA ). The capsules preserved their spherical shape upon drying, consistent with high degree of crosslinking.
We measured the amount of catalysts inside the nanocapsules to establish reference data for quantitative evaluation of the performance of catalysts and to measure their long-term retention within nanocapsules. An entrapped DPMPP 1 was characterized by 1 H NMR spectroscopy. We used atomic absorption (AA) spectroscopy to measure the amount of encapsulated organometallic catalysts 2 and 3. In this method, an aliquot of nanocapsule suspension, taken after the separation of unentrapped catalyst was vaporized in an AA instrument, and the amount of metal was determined using a calibration curve.
Our previous data showed no leakage of medium sized molecules (MW > 500 D) from porous nanocapsules for more than four years. 45-46, 48, 50 To evaluate the long-term retention of catalysts in this study, a suspension of nanocapsules containing entrapped catalyst molecules was incubated at ambient conditions upon constant agitation. Similar tests were performed at elevated temperatures to simulate aging and/or harsh reaction conditions, such as reflux in high boiling
solvents. An aliquot of a suspension was taken at regular intervals from each sample (daily for the first week, then weekly for two months). This aliquot was passed through a PTFE syringe filter (0.2 µm) to remove nanocapsules. The supernatant was collected and analyzed with AA spectroscopy. No escape of the palladium ions was observed under different conditions. Due to the detection limit of the AA method, we would have observed the release of as little as 0.05% of the catalyst. As reported previously, this catalyst is not prone to the formation of palladium nanoparticles under typical reaction conditions. 44, 45 In agreement with previous reports, we found 9 no evidence of nanoparticle formation. Likewise, the amount of entrapped porphyrins was evaluated by UV-vis and fluorescence spectroscopy. Since non-metallated porphyrins differ from metallated ones in absorbance and fluorescence spectra, loss of metal ions or porphyrin molecules would have immediately reveal itself in spectroscopic measurements. Long-term observations of entrapped porphyrins showed no change compared with initial samples. This data suggest high long-term stability of the encapsulated catalysts and that the kinetic data described below are entirely due to the catalytic reaction happening inside the nanocapsules. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 We evaluated the effect of the encapsulation on the kinetics of the catalytic reactions by performing a series of experiments comparing the conversion of substrate in the presence of encapsulated and free catalysts. In all cases, solutions of free catalysts were prepared so as to match the total amount of the catalysts in the nanocapsules using measurements described above.
In these experiments, the amount of catalysts in the nanocapsules was determined by independent measurements mentioned above. Then, the solution of a free catalyst was prepared to match this concentration. The progress of reaction was monitored using 1 H NMR for the acylation of alcohols, GC-MS for the coupling and epoxidation reactions, and UV-vis spectroscopy for the heterocycle formation.
In the acylation of alcohols catalyzed by DPMPP, we compared the reactions catalyzed by the free and encapsulated catalysts throughout the conversion of most of the substrate. The kinetics of the reactions were identical within the measurement error ( Figure 3 , Table 1S )). The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11 same results were obtained with different amounts of catalysts. The encapsulation clearly did not have any negative effect on the overall reaction kinetics ( Figure S3 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In a similar way, we performed the Suzuki coupling reactions between phenylboronic acid and different aryl halides ( Figure 4 ; Table 2S ). In these reactions, we monitored the formation of the biphenyl product at regular intervals during the standard reaction time (60 min).
In each case, we observed the same reaction kinetics for free and encapsulated catalysts. In addition, we monitored the supernatant for the presence of any potential fragments of the pincer catalyst or formation of by-products such as biphenyl-2,6-diamine reported previously. 57 None of the experiments showed the escape or degradation of the entrapped catalyst. This finding suggests that catalyst stayed inside the nanocapsules and the Pd-C bond remained intact during catalysis. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14
We also examined the Sonogashira coupling reaction between a terminal alkyne (ethynyl benzene) and a series of aryl halides. 54 We performed the reactions under standard conditions (140 °C, 5 min) and compared the yields of the reactions catalyzed by free and encapsulated catalysts. Due to inherently different reactivity of the substrates, the yields at the reaction endpoint varied widely for different substrates. These variations allowed us to compare the performance of free and entrapped catalysts at different reaction endpoints ranging from less than 10% to more than 50% conversion. In all cases, the yields for the reactions catalyzed by either free or encapsulated catalysts were identical ( Figure 5 ; Table 3S) ). To expand the utility of polymer nanocapsules as a platform for nanoreactors, we investigated two other reactions, a formation of a heterocycle and an epoxidation. We chose a coupling of an aminophenol into a derivative of phenoxazine to demonstrate the assembly of a complex structure from small components and due to broad utility of phenoxazine derivatives.
This reaction can be catalyzed in water by a sulfonated porphyrin metallated with manganese.
The coupling of 2-aminophenol was conducted at ambient conditions for 4.5 hours using free and encapsulated catalyst. The yield of product 2-aminophenoxazin-3-one (APX) was determined using UV-vis spectroscopy ( Figure S3 ). The yield of APX in both reactions was the same ( Figure 6 ).
Epoxidation of aklenes is another synthetically useful reaction that is catalyzed by a range of porphyrin-based catalysts. Here, we examined the epoxidation of styrene using sodium periodate as an oxidant in acetonitrile/water mixture. Again, the yields in reactions catalyzed by a free and encapsulated catalyst were identical ( Figure 6 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 endpoints. The reactions were conducted in five different solvents (toluene, chloroform, acetonitrile/water mixture, ethylene glycol, and water) at temperatures ranging from ambient to 140 °C and represented a broad spectrum of synthetically useful transformations. We conclude that the encapsulation of homogeneous catalysts did not negatively impact the reaction rate. In other words, the catalytic conversion was not hindered by the diffusion of substrates or products through the pores of nanocapsules. The immediate implication of these findings is that one can retain the same catalytic efficiency as in the reactions with free catalysts but simplify the separation of the reaction products from the catalysts. We believe that this observation alone is a substantial milestone in the development of the nanoreactors incorporating homogeneous catalysts. In laboratory experiments, simple filtration or decantation of nanocapsules via mild centrifugation (1-3 min at 1000 -2000g) was sufficient to separate the nanoreactors from the reaction mixture. Due to the ease of functionalization of shells, nanocapsules can be readily immobilized in a highly permeable matrix, e.g., fibers, to enable continuous-flow processes.
To take advantage of controlled permeability of prepared nanoreactors, we investigated size-selective reactions enabled by the programmed nanopores in the walls of nanocapsules. Size selectivity is particularly important in reactions that use mixed feedstock, e.g., linear vs.
branched isomers or selective transformation of one diastereomer in a mixture, [63] [64] and combinatorial reactions [65] [66] [67] that facilitate selective acquisition of libraries of molecules produced by modular assembly. 68 In these experiments, we performed a Suzuki coupling between aryl bromide substrates with different cross-sections and phenylboronic acid. Space-filling models of the substrates and the catalyst are shown on Figure 7 . As reported previously, 45 the use of pore-forming templates in the synthesis of nanocapsule shells allows us to control the size of the pores in the nanocapsule shells so that molecules bigger than the pore size remain entrapped while the molecules smaller than the pores diffuse freely in and out of nanocapsules. The effective pore size in the shells of nanocapsules was determined with permeability assays measuring the efflux of molecules with different smallest dimensions ( Figure S6 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 0.0004 mol%, and for III, IV: 0.001 mol%. Space-filling models illustrate the smallest dimension for the catalysts, phenylboronic acid, and aryl halides.
To test the hypothesis that size-selective permeability of nanocapsule shells would translate into the size-selective catalytic reactions, we chose two aryl bromide substrates 69 that are similar in size to phenylboronic acid (approx. 0.8 nm) 70 and two substrates that are slightly larger (approx. 1.2 nm). [71] [72] [73] The expectation was that the catalyst having the smallest crosssection of approx. 1.7 nm 57 ( Figure 7 ) would remain entrapped. The smaller substrates are expected to enter the capsule while larger substrates should not be able to pass through the pores and therefore no coupling reaction should be observed.
For each substrate, we ran the reaction for a standard amount of time (120 min) and determined the yield of the product of the coupling reaction by GC/MS. In control experiments, the reaction was performed using free catalyst with the same total amount in solution as the encapsulated catalyst. For small substrates, the yield of the coupled product was the same for encapsulated and free catalysts ( Figure 7 ). In contrast, large substrates formed the coupled product in the presence of free catalyst but not in the presence of nanocapsules containing entrapped catalysts (Figure 7 ). These observations confirm that the pores in the nanocapsule shells indeed provide selective permeability that translates into the size-selective catalytic reactions. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20
Conclusions
This study investigated the performance of homogeneous catalysts entrapped in hollow polymer nanocapsules with nanometer-thin shells and uniform nanopores. Multiple experiments employing diverse catalysts, transformations, and reaction conditions, i.e., broad range of solvents and temperatures, showed identical reaction rates for free and encapsulated catalysts.
These results confirmed that the encapsulation did not compromise the catalytic activity and that the polymerization process did not deactivate catalysts encapsulated in the crosslinked vesicles.
An important implication of these findings is the ability to immobilize homogeneous catalysts in nanocapsules without any loss of the reaction efficiency. Size-selective permeability of shells of nanocapsules permitted the creation of size-selective nanoreactors. Substrates larger than the pore size did not show noticeable conversion, while substrates smaller than the pores underwent unhindered transformations. An investigation of stability of nanoreactors showed no measurable leaching of catalysts or metal ions from the nanocapsules. Due to the ease of controlling the pore size and surface chemistry of the shells, we anticipate that encapsulation of homogeneous catalysts in polymer nanocapsules will be readily adaptable to a broad range of catalysts and reagents as well as diverse strategies for the immobilization of nanocapsules. Nanocapsules are synthesized from inexpensive materials using a simple and scalable method, further enhancing the utility of the nanoreactor platform. In addition to establishing encapsulation in polymer nanocapsules as a viable method for immobilization of homogeneous catalysts, this study sets the stage for further enhancements of catalytic activity enabled by the confinement of the catalysts in the nanocapsules. For example, controlling the microenvironment of nanocapsules, increasing local concentration of either the catalysts or substrates inside the nanocapsules, or coencapsulating multiple catalysts for cascade reactions will likely result in dramatic increase in overall efficiency of catalytic processes. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 and were additionally equilibrated at room temperature during 1hour. After brief vortexing, the solutions were not subjected to any type of mechanical agitation.
Synthesis of nanocapsules using UV-initiation. The sample prepared as described above was irradiated for 1.5 hours with UV light (λ=254 nm) in a photochemical reactor (10 lamps, 32W each; the distance between the lamps and the sample was 10 cm) using quartz tube with path length of light of approximately 3 mm. Following the polymerization, a solution of NaCl (0.02mL of 3N) in methanol (10mL) was added to the reaction mixture to precipitate the nanocapsules. The nanocapsules were separated from the reaction mixture and purified by repeated centrifugation and resuspension steps using methanol (3 drops of NaCl (3M, 0.02mL)
were added to aid precipitation), water-methanol mixture and water as washing solutions. Synthesis of nanocapsules using thermal initiation. The sample prepared as described above was purged with nitrogen, and set to the thermostat at 40 °C. Following the polymerization, a solution of NaCl (0.02 mL of 3 N) in methanol (10 mL) was added to the reaction mixture to precipitate the nanocapsules. The nanocapsules were separated from the reaction mixture and purified by repeated centrifugation and resuspension steps using methanol (3 drops of NaCl (3 M, 0.02 mL) were added to aid precipitation). Acylation reaction inside nanocapsules. 1 equivalent of methanol, 1.5 equivalents of the auxiliary base (triethylamine) and 3 equivalents of acetic anhydride were added together to 1 mL of CDCl 3 suspension of nanocapsules with entrapped catalyst with a known amount of TMS as the internal standard. Samples were analyzed using 1 H NMR spectroscopy. At the end of the reaction, the mixtures were allowed to cool to room temperature and passed through PTFE syringe filter and were then analyzed for the residual Pd content.
General procedure for

General Procedure for Sonogashira Cross-Coupling Reactions of Aryl halides with
Alkynes. All Sonogashira cross-coupling reactions were carried out without rigorous exclusion of air and moisture. Ethylene glycol was of reagent grade (98%) or better and was used as 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 reaction, mixtures were allowed to cool to room temperature and passed through PTFE syringe filter and were then analyzed for residual Pd content.
LCMS analyses were done on a Shimadzu Single Quad LCMS-2010EV with ESI modes using a Nova-Pak C18 reverse phase column (150 mm×3.9 mm i.d., 4 µm, Waters, Ireland) for separations. NMR Measurements. A JEOL 270 NMR spectrometer was used to collect data for all kinetics experiments using tetramethylsilane as an internal standard (δ = 0 ppm).
Measurements were taken at regular time intervals to determine the conversion of monomers. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 25 coordinated the research and writing the manuscript. The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.
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